Objective-The comorbidity of excess salt and elevated plasma aldosterone has deleterious effects in cardiovascular disease. We evaluated the mechanisms behind the paradoxical increase in aldosterone biosynthesis in relation to dietary intake of salt. Methods and Results-Dahl salt-sensitive (Dahl-S) and salt-resistant (Dahl-R) rats were fed a high-salt diet, and plasma and tissue levels of aldosterone in the adrenal gland and heart were quantified by liquid chromatography-electrospray ionization-tandem mass spectrometry. In Dahl-S rats, we found that the delayed and paradoxical increase in aldosterone biosynthesis after the initial and appropriate response to high salt. The late rise in aldosterone biosynthesis was accompanied by upregulation of CYP11B2 expression in the zona glomerulosa and increased adrenal angiotensin II levels and renin-angiotensin system components. It preceded the appearance of left ventricular systolic dysfunction and renal insufficiency. Blockade of angiotensin AT 1 receptors reversed the paradoxical increase in aldosterone biosynthesis.
H igh-salt diets are the major environmental contributor to the development of essential hypertension. Most people remain normotensive if they consume a high-salt diet because they excrete sodium freely in the urine. However, in those who cannot excrete salt freely, blood pressure increases. These individuals are termed " salt-sensitive," 1 a condition resulting from the combined and interactive actions of genetic and environmental factors. Importantly, the prevalence of cardiovascular complications is higher in patients with salt-sensitive hypertension than in those with salt-insensitive hypertension. 2 There is a strong evidence supporting unfavorable synergistic actions of salt and aldosterone on the cardiovascular system. 3 The aldosterone/mineralocorticoid receptor system not only dominates long-term blood pressure control but is also a significant mediator of the development of cardiovascular and renal diseases, particularly in the presence of excess salt intake. However, the consumption of excess salt and elevated plasma aldosterone concentrations should be mutually exclusive. Indeed, in normal subjects, there is a biological feedback mechanism to lower aldosterone levels in the presence of a high salt intake. This occurs via suppression of the circulating renin-angiotensin system (RAS), a major determinant of aldosterone production by the adrenal gland. However, circumstances can exist whereby plasma aldosterone concentrations are inappropriately elevated for the level of sodium intake.
In addition to operating as a circulating endocrine system, components of the RAS are expressed in various tissues, where they act locally in an autocrine or paracrine manner. 4 The existence of a local RAS in the adrenal gland was initially proposed by Ryan 5 and Ganten et al. 6 Adrenal concentrations of renin are increased by bilateral nephrectomy in rats, in contrast with a marked decrease in the plasma enzyme activity, 7 indicating that the adrenal RAS operates independent of and different from the circulating RAS. Transgenic rats harboring the mouse Ren-2 gene, referred to as TGR(mREN2) 27, 8 exhibit salt-sensitive hypertension, low active plasma renin levels, suppressed kidney renin, high plasma inactive (pro) renin, and high extrarenal transgene expression, most prominently in the adrenal cortex. Notably, adrenal steroidogenesis is markedly enhanced in these rats, suggesting a possible role for the adrenal RAS in adrenocortical steroidogenesis. 9 In the circulating RAS, renin release from juxtaglomerular cells is directly inhibited by angiotensin II (Ang II) via a calcium-dependent mechanism, thus constituting an Ang II-renin release negative feedback mechanism. In contrast, Ang II significantly stimulates rather than suppresses renin release in adrenal cells of TGR(mREN2)27 rats. 10 The lack of a negative feedback mechanism between Ang II and the local RAS amplifies aldosterone production in adrenal cells. These results indicate a potential role for the local RAS in the adrenal gland in aberrant aldosterone production independent of the circulating RAS.
The Dahl salt-sensitive (Dahl-S) rat 11 is the most widely studied genetic model of salt-sensitive hypertension. Dahl-S rats fed a high-salt diet develop malignant hypertension associated with cardiovascular and renal injury and premature death. By contrast, the Dahl salt-resistant (Dahl-R) rat remains normotensive on a high-salt diet. Aldosterone production in relation to salt intake in Dahl-S and Dahl-R rats has been investigated over many decades. It has been found that Dahl-S rats have lower plasma renin activity (PRA) and plasma aldosterone concentrations than Dahl-R rats, 12 that adrenal zona glomerulosa renin and aldosterone are significantly lower in Dahl-S than in Dahl-R rats, 13 and that there is a significantly lower increase in adrenal zona glomerulosa renin and aldosterone after nephrectomy or 2 weeks' feeding of a sodium-deficient diet in Dahl-S compared with Dahl-R rats. These observations suggest that there are differences in RAS responsiveness to changes in dietary sodium between these 2 strains of rat. In addition, there are differences in the sequence of the CYP11B2 gene, as well as CYP11B2 activity, between Dahl-S and Dahl-R rats, with activity being significantly higher in Dahl-R rats. 14 Differences have also been reported between the 2 strains for other genes involved in adrenal steroidogenesis, such as Cyp11B1. 15, 16 These genetic differences may also contribute to the differences in aldosterone and corticosterone for a given level of sodium intake between the 2 strains.
Pioneering studies in the field demonstrated that a high-salt diet suppresses PRA and aldosterone to similar levels in Dahl-S and Dahl-R rats. 17, 18 However, conflicting results have also been reported. For example, Nishikimi et al 19 reported that although comparable low levels of plasma aldosterone were seen in both strains after 6 weeks' feeding of a high-salt diet, plasma aldosterone levels were 2-fold higher in Dahl-S than Dahl-R rats after 12 weeks' feeding of the high-salt diet. In another study, Ohtani et al 20 demonstrated that plasma aldosterone levels in Dahl-S rats fed a high-salt diet for 14 weeks were approximately the same as those in age-matched Dahl-S rats fed a low-salt diet (0.150.02 versus 0.260.04 pmol/mL, respectively).
In the present study, we investigated the time course of changes in adrenal aldosterone biosynthesis under conditions of high salt intake in these 2 strains using state-of-the-art techniques involving liquid chromatography-electrospray ionization-tandem mass spectrometry ( LC-ESI-MS/MS). In addition, we explored the mechanisms involved and any associated changes in the components of the RAS.
Methods animals
Five-week-old male Dahl-S and Dahl-R rats were purchased from Sankyo Labo Service Corporation (Tokyo, Japan). Rats were fed control chow (CE-2; Na 0.3%: CLEA Japan, Inc, Tokyo, Japan) until 6 weeks of age. Thereafter, the control group was fed control chow and the high salt intake group was fed a high-salt diet (8% NaCl added) until 13 weeks of age. Some rats were administered 10 mg/kg, p.o., olmesartan (Medoximil; Daiichi Sankyo, Inc) once daily from 6-13 weeks of age. Systolic blood pressure (SBP) was measured at different times throughout the experimental period using the tail-cuff method (BP-98 A-L; Softron, Tokyo, Japan).
All experimental procedures were approved by the Animal Care and Use Committee of Keio University.
Quantification of aldosterone by LC-esi-Ms/Ms
In solution, aldosterone molecules exist in equilibrium between the aldehyde and hemiacetal forms. To obtain a stable form of aldosterone and to enhance the sensitivity of LC-ESI-MS/MS, we have developed an ethyl ether-picolinyl derivatization 21 to quantify plasma and tissue aldosterone concentrations ( Figure I 
Plasma aldosterone Levels
Rat plasma (0.1-0.2 mL) was mixed with 100 pg deuterium-labeled aldosterone (Ald-d8) as an internal standard and then made up to 1 mL with water. Ethyl acetate (4 mL) was added to the serum and the mixture was shaken for 10 minutes. The organic layer was separated by freezing and then evaporation. To prepare the ethyl ester derivative, 35% HCl-ethanol (1:5 vol/vol, 0.25 mL) was added to the prepared samples and the mixture was allowed to stand at room temperature for 30 minutes. After this, 5% NaHCO 3 (1 mL) was then added to the reaction mixture and the samples were then applied to an InertSep Pharma cartridge column (GL Sciences, Tokyo, Japan). After evaporation of the solvent, the dried sample was treated with picolinic anhydride reagent (50 L) in the presence of triethylamine (10 L) at 50°C for 15 minutes. The derivative was then diluted with ethyl acetate hexane (1:3, 1 mL) on a silica gel cartridge column (InertSep SI: GL Sciences, Tokyo, Japan), which was prewashed with hexane (3 mL) and EtOH-acetic acid (99:1, 0.5 mL), followed by elution with ethanol-acetic acid (2 mL). The resulting derivative samples were subjected to LC-ESI-MS/MS. Aldosterone concentrations in the samples were determined using a calibration curve for aldosterone ( Figure II 
tissue aldosterone Levels
After samples of rat heart (100-300 mg) or adrenal gland (3-30 mg) had been weighed, tissues were minced using scissors, mixed with 1.0 mL water containing 100 pg internal Ald-d8 standard, and homogenized for 20 seconds, using an Ultra-Turrax homogenizer ( IKA-Werke, Staufen, Germany) in an ice bath. The tissue mixture was extracted with ethyl acetate and the organic layer was evaporated. The steroidal fractions obtained were applied to an InertSep cartridge. Samples were converted to ethyl ester-picolinyl derivatives as described above and were assayed by LC-ESI-MS/MS (refer to online-only Data Supplement Methods for detailed methodology).
Gene expression
Quantitative real-time polymerase chain reaction (PCR) was performed, using an ABI Prism 7700 sequence detection system (Applied Biosystems Ltd, Tokyo, Japan). Predesigned gene-specific primer and probe sets (TaqMan Gene Expression Assays: Applied Biosystems Ltd) were used (Figures III and IV in the online-only Data Supplement) and 18s ribosomal RNA was amplified as an internal control. All samples were run in triplicate.
immunohistochemistry
Specific antibodies for rat CYP11B2 (aldosterone synthase cytochrome P450 or P450aldo) and rat CYP11B1 (steroid 11-hydroxylase cytochrome P450 or P45011) were raised in rabbits, as described previously. 22 Immunohistochemical staining was performed on 6-m sections of fresh frozen adrenal gland from rats, as described previously. 23 Briefly, frozen sections were fixed in a 1:1 mixture of acetone and chloroform and then blocked with 5% (vol/vol) normal goat serum (X0907; Dako, Kyoto, Japan) in phosphate-buffered saline. Sections were reacted with anti-CYPB11B1 or anti-CYP11B2 antibody overnight at 4°C, followed by incubation with a peroxidase-labeled Fab' fragment of goat IgG against rabbit IgG (Cappel Research Products, Durham, NC). Sections were then stained for peroxidase activity with 0.01% hydrogen peroxide and 0.05% 3,3-diaminobenzidine tetrahydrochloride (Dojindo, Kumamoto, Japan) as substrates, followed by light counterstaining with hematoxylin to identify the nuclei. A brown reaction product indicated localization of CYP11B1 or CYP11B2.
Measurement of ang ii
Adrenal glands were quickly removed and immediately frozen. Adrenal Ang II concentrations were measured by radioimmunoassay, as described previously. 24, 25 statistical analyses Data are presented as meanSEM. The significance of differences between mean values was evaluated using 2-tailed unpaired Student t tests. Multiple comparisons involving more than 3 groups were made using ANOVA. P0.05 was considered significant.
results

Plasma aldosterone Levels in dahl-s and dahl-r rats Fed either a High-salt diet or Control Chow
Dahl-S and Dahl-R rats were fed either a high-salt diet or control chow from 6-13 weeks of age. Feeding of the high-salt diet markedly increased blood pressure in Dahl-S rats; after 7 weeks' feeding of the high-salt diet, SBP in Dahl-S and Dahl-R rats was 226.65.9 and 125.63.8 mm Hg, respectively, compared with 124.41.8 and 1143.3 mm Hg, respectively, in Dahl-S and Dahl-R rats fed control chow ( Figure 1A ). Cardiac hypertrophy developed to a much greater extent in high-salt diet-fed Dahl-S rats compared with high-salt diet-fed Dahl-R rats. After 7 weeks, the ratio of left ventricular (LV) free wall weight to body weight in Dahl-S and Dahl-R rats fed the high-salt diet was 3.920.17 and 2.370.09, respectively, compared with 2.160.08 and 1.920.03, respectively, in Dahl-S and Dahl-R rats fed control chow ( Figure 1B) .
At 13 weeks of age, PRA was lower in Dahl-S than Dahl-R rats fed control chow (1.830.41 versus 5.620.77 ng/mL per hour, respectively; n515; P0.001). Feeding of the high-salt diet increased PRA in Dahl-S rats (7.661.33 ng/mL per hour; n515; P0.01) compared with that in control chow-fed Dahl-S rats but reduced PRA in Dahl-R rats (0.900.29 ng/ mL per hour; n515; P0.01) compared with their respective control ( Figure 1C ).
Plasma aldosterone levels, as measured by LC-ESI-MS/ MS 21 in rats at 13 weeks of age, were lower in Dahl-S compared with Dahl-R rats fed control chow (116.225.4 versus 678.983.1 pg/mL; n515; P0.001; Figure 1D ). Feeding of the high-salt diet significantly increased plasma aldosterone levels in Dahl-S rats (284.216.7 pg/mL; n515; P0.001) but completely suppressed plasma aldosterone in Dahl-R rats (3.22.6 pg/ mL; n515; P0.001). 
adrenal aldosterone Biosynthesis in dahl-s and dahl-r rats after Chronic High salt Loading
To compare adrenal steroidogenesis in rats at 13 weeks of age after feeding of either control chow or a high-salt diet for 7 weeks, adrenal levels of aldosterone, corticosterone, and their respective precursors were quantified by LC-ESI-MS/MS ( Figure 2 ). Adrenal levels of aldosterone were lower in Dahl-S than Dahl-R rats fed control chow (31.5013.80 versus 1014.33238.99 ng/g protein, respectively; n515; P0.001). Feeding of the high-salt diet resulted in a significant increase in adrenal aldosterone levels in Dahl-S rats (379.59122.84 ng/g protein; n515; P0.05) but suppressed adrenal aldosterone levels in Dahl-R rats (122.3922.92 ng/g protein; n515; P0.001) compared with the respective control groups. Adrenal levels of corticosterone were higher in both Dahl-S and Dahl-R rats fed the high-salt diet (52.324.24 versus 77.857.99 g/g protein, respectively) compared with those fed control chow (12.381.51 versus 20.814.60 g/g protein, respectively). In parallel with the enhanced corticosterone biosynthesis, adrenal levels of pregnenolone, progesterone, and 11-deoxycorticosterone in Dahl-R rats fed a high-salt diet and those of pregnenolone in Dahl-S rats fed a high-salt diet were lower compared with their respective control.
The biosynthesis of glucocorticoid and mineralocorticoids from cholesterol in the adrenal gland is catalyzed by the cytochrome P450 (CYP) superfamily of enzymes. In the present study, there was comparable mRNA expression of steroidogenic acute regulatory protein (StAR), CYP11A1 (cholesterol side-chain cleavage cytochrome P450 or P450scc), 3-hydroxysteroid dehydrogenase 1 (3-HSD1), CYP21A (steroid 21-hydroxylase cytochrome P450 or P450c21), and CYP11B1 in Dahl-R and Dahl-S rats fed control chow for 7 weeks ( Figure 3A ). However, CYP11B2 (aldosterone synthase) expression was lower in Dahl-S than Dahl-R rats.
The adrenal expression of StAR, CYP11A1, 3-HSD1, and CYP21A mRNA was generally similar in Dahl-R rats regardless of salt intake. However, the transcript abundance of CYP11B1 was greater and that of CYP11B2 was lower in high-salt dietfed compared with control chow-fed Dahl-R rats. In Dahl-S rats, the adrenal expression of StAR, CYP11A1, 3-HSD2, CYP21A, CYP11B1, and CYP11B2 was greater in rats fed the high-salt diet compared with those fed control chow.
Furthermore, the expression of CYP11B1 and CYP11B2 was determined in rats at 13 weeks of age, using immunohistochemistry. In Dahl-R rats fed control chow, CYP11B2-expressing cells were diffusely distributed throughout the zona glomerulosa just beneath the capsule, whereas CYP11B1-expressing cells were distributed in the zona fasciculata ( Figure 3B ). There were fewer CYP11B2-expressing cells in the zona glomerulosa of Dahl-S rats fed control chow than in the control chow-fed Dahl-R rats. In Dahl-R rats fed the high-salt diet, there were no CYP11B2-expressing cells in the zona glomerulosa; however, compared with the Dahl-S group fed control chow, Dahl-S rats fed a high-salt diet exhibited increased numbers of CYP11B2-expressing cells and an increased intensity of CYP11B2 signaling. The intensity of CYP11B1 staining in the zona fasciculata was greater in both strains fed a high-salt diet compared with their respective control (normal chow-fed) groups.
Origin of Myocardial aldosterone
In parallel with the results obtained for plasma and adrenal aldosterone levels, control chow-fed Dahl-S rats exhibited lower levels of aldosterone in their myocardial tissues than did control chow-fed Dahl-R rats ( Figure 4A ). High-salt feeding of Dahl-R rats significantly reduced left ventricular aldosterone levels compared with those found in rats fed normal chow (0.0030.001 versus 0.260.09 pg/g protein, respectively; n515; P0.05). By contrast, high-salt feeding of Dahl-S rats increased LV aldosterone levels compared with feeding of control chow (0.230.09 versus 0.050.01 pg/g protein, respectively; n515; P0.05). Interestingly, there were no significant differences in aldosterone levels between the right ventricles and hypertrophied left ventricles of Dahl-S rats fed the high-salt diet (0.200.06 versus 0.230.09 ng/g protein, respectively).
To determine the origin of myocardial aldosterone after long-term high-salt loading, Dahl-S rats fed a high-salt diet from 6-13 weeks of age were adrenalectomized. These adrenalectomized rats were maintained on a high-salt diet for 2 days and myocardial aldosterone content was determined by LC-ESI-MS/MS. Good chromatographic peaks of the ethyl ether-picolinyl derivative of aldosterone were obtained by LC-ESI-MS/MS from either plasma or heart homogenates of Dahl-S rats subjected to chronic high-salt overload, but these peaks disappeared after bilateral adrenalectomy (n56; Figure 4B ). In addition, quantitative PCR analysis indicated that the levels of mRNAs encoding the steroidogenic enzymes necessary for aldosterone biosynthesis from cholesterol in the hypertrophied left ventricles (LV) were 10 4 -fold to 10 6 -fold lower than levels in the adrenal glands ( Figure  4C) or, in the case of CYP11B2 mRNA, undetectable.
time Course of Changes in adrenal aldosterone Biosynthesis in dahl-s rats Fed a High-salt diet
The paradoxical rise in adrenal aldosterone synthesis in Dahl-S rats on a high-salt diet was interesting. Therefore, we examined the time course of changes in adrenal aldosterone biosynthesis in rats fed the high-salt diet. As shown in Figure 5A , adrenal aldosterone biosynthesis was initially suppressed up to 8 weeks of age but increased in rats at 11 weeks of age and continued to increase thereafter. There was a delay between the time when plasma aldosterone increased and when PRA increased: PRA was initially suppressed at 8 weeks of age, remained suppressed at 11 weeks of age, but increased finally at 13 weeks of age ( Figure 5B ).
Quantitative PCR analysis and immunohistochemistry showed that, consistent with the intra-adrenal aldosterone content, CYP11B2-expressing cells in the zona glomerulosa of rats fed the high-salt diet had completely disappeared at 8 weeks of age but reappeared at 11 weeks of age, and increased thereafter ( Figure 5C We performed serial echocardiograms on Dahl-S rats on a high-salt diet ( Figure VI in the online-only Data Supplement). We found that LV systolic function was maintained until 11 weeks of age but began to decrease at 12 weeks of age. The rise in aldosterone production preceded a decline in LV systolic function. Similarly, serum creatinine levels remained normal at 11 weeks of age but increased finally at 13 weeks of age ( Table I in the online-only Data Supplement). These results suggest that the delayed increase in aldosterone has an important effect and is relevant to cardiovascular pathophysiology in Dahl salt-sensitive rats fed a high-salt diet.
effects of a High-salt diet on the adrenal ras
Next, we examined associated changes in the components of the local RAS in the adrenal gland ( Figure 6A ). Quantitative PCR analysis showed that although there was a tendency for reduced expression of (pro)renin, (pro)renin receptor (ATP6AP2), angiotensinogen, angiotensin-converting enzyme, and angiotensin AT 1 and AT 2 receptors in the adrenal glands of high-salt diet-fed Dahl-S rats at 8 weeks of age, by 11 weeks of age the expression of these RAS components had increased. Notably, intra-adrenal Ang II content was initially reduced in rats on a high-salt diet, but at later times it increased in parallel with the induction of adrenal RAS components ( Figure 6B ). The levels of other stimuli of aldosterone biosynthesis, such as plasma K and adrenocorticotrophin, did not change during the course of the study ( Table I in the online-only Data Supplement).
To examine the involvement of Ang II in the late increase in adrenal aldosterone biosynthesis, Dahl-S rats fed a high-salt diet were treated with the AT 1 receptor antagonist olmesartan from 6-13 weeks of age. Although olmesartan did not attenuate salt-induced hypertension ( Figure 7A) , it did suppress LV hypertrophy, maintain LV systolic function, and improve survival over the duration of the study, as reported previously (data not shown). 26 Notably, olmesartan blocked the salt-induced increase in adrenal aldosterone biosynthesis ( Figure 7B ), CYP11B2 expression ( Figure 7C ), and 12/15lipoxygenase expression ( Figure VD in the online-only Data Supplement) in the adrenal cortex seen at 13 weeks of age.
discussion
In the present study, we investigated whether chronic feeding of a high-salt diet resulted in different adaptations in terms of aldosterone biosynthesis in 2 strains of rats that are either susceptible (Dahl-S) or resistant (Dahl-R) to the hypertensive effects of salt. Using LC-ESI-MS/MS (selected reaction monitoring) based on ethyl ether-picolinyl derivatization, 21 we were able to measure both plasma and tissue levels of aldosterone with high reliability and reproducibility. We found that (1) in rats fed control chow, PRA, plasma and adrenal aldosterone levels, and CYP11B2 expression in the zona glomerulosa were lower in Dahl-S than Dahl-R rats; (2) feeding of a high-salt diet to Dahl-R rats had little effect on blood pressure but strongly suppressed PRA, plasma and adrenal aldosterone levels, and CYP11B2 expression in the zona glomerulosa over the duration of the study; (3) feeding of a high-salt diet to Dahl-S rats resulted in an immediate increase in blood pressure, with initial suppression of PRA, plasma and adrenal aldosterone levels, and CYP11B2 expression in the zona glomerulosa followed by upregulation of aldosterone biosynthesis and CYP11B2 expression in the zona glomerulosa; (4) the late increase in aldosterone biosynthesis in Dahl-S rat fed on a high-salt diet was associated with activation of the local RAS and an increase in Ang II levels in the adrenal gland; and (5) there was no evidence of intramyocardial aldosterone biogenesis even in the presence of hypertensive organ damage. The initial increase in blood pressure in response to high salt loading proceeded regardless of low plasma aldosterone levels. Instead, aberrant aldosterone biosynthesis occurred in the late phase just before cardiac decompensation and overt renal failure developed.
The sequence of the CYP11B2 gene and activity of the enzyme is different in the Dahl-S rat versus Dahl-R rat, with the Dahl-R rat having significantly higher activity compared with the Dahl-S rat. However, it is well worth mentioning that the sequence of CYP11B2 in Dahl-S rats is identical with normotensive Sprague-Dawley rats, but that CYP11B2 mRNA from Dahl-R rats contains 7 mutations that resulted in 2 amino acid substitutions. 14 Thus, we assumed that the genetically determined alterations do not contribute to the delayed increase in CYP11B2 expression in Dahl-S rats after chronic salt overload.
To our knowledge, the present study is the first to examine the time course of changes in adrenal aldosterone biosynthesis under conditions of high-salt intake in Dahl-S rats. Although we observed initial suppression of adrenal aldosterone biosynthesis, we found that aldosterone biosynthesis was reactivated under conditions of chronic high-salt overload. In the study of Matsukawa et al, 15 in which rats were fed a high-salt diet (8% NaCl) from 6 to 13 weeks of age, similar to the treatment regimen in the present study, plasma levels of aldosterone in both Dahl-R and Dahl-S rats were lower in the high-sodium diet group (503.530.0 versus 473.029.7 pg/mL, respectively) than in the low-sodium diet group (976.8102.0 versus 1238.0198.3 pg/mL, respectively). These differences may be due to the different methods used to determine aldosterone concentrations (radioimmunoassay in their study versus LC-ESI-MS/MS in the present study) or to the use of rats from different breeding facilities (Eizai Co 14 in their study versus Sankyo Labo Service Co in the present study). However, the upregulated expression of StAR, CYP11A1, 3-HSD2, and CYP21A in the adrenal glands found in the present study strongly supports a paradoxical increase in adrenal aldosterone production in Dahl-S rats fed a high-salt diet.
We found that LV systolic function of Dahl-S rats fed a high-salt diet was maintained until 11 weeks of age but began to decrease at 12 weeks of age. Aberrant aldosterone production stared from 11 weeks of age and increased thereafter. That means aberrant aldosterone production preceded a decline in LV systolic function. Similarly, renal dysfunction became apparent after the emergence of aberrant aldosterone production. Rats started dying after the emergence of aberrant aldosterone production. AT 1 receptor antagonist olmesartan blocked the salt-induced increase in adrenal aldosterone biosynthesis and did suppress LV hypertrophy, maintain LV systolic function, and improve survival. Moreover, mineralocorticoid receptor (MR) antagonist, eplerenone, was favorable in terms of organ protection and survival in Dahl-S rats fed a high-salt diet, despite the fact that the rats treated with eplerenone exhibited an exaggerated activation of intra-adrenal RAS and aldosterone production (probably due to a lack of negative feedback signaling from MR). Collectively, these results strongly suggest that the delayed increase in aldosterone plays a causative role in cardiovascular pathophysiology in Dahl-S rats fed a high-salt diet. However, MR can be activated by either aldosterone-dependent or aldosterone-independent mechanisms; thus, careful assessment is required for the effect of eplerenone on the cardiovascular pathophysiology in Dahl-S rats fed a high-salt diet.
We do not deny the possibility that occult LV dysfunction and/or renal insufficiency could trigger the late rise in intra-adrenal RAS activity and aldosterone biosynthesis. In addition, subsequent manifestation of LV systolic dysfunction and renal insufficiency must have further stimulated adrenal aldosterone production via the activation of circulating RAS.
There are 3 isoforms of arachidonate 12-lipoxygenase in mammals: platelet, leukocyte, and epidermal 12-lipoxygenase. Immunohistochemical analysis of rat tissues showed that leukocyte 12-lipoxygenase (12/15-lipoxygenase) is present in a subsets of macrophage in lung, spleen, a-cells of the pancreatic islet, pineal gland, neuronal cells of the spinal cord, superior cervical ganglion, and zona glomerulosa cells of adrenal cortex. 27 With regard to the functional significance of 12/15-lipoxygenase in zona glomerulosa cells, Nadler's group clearly demonstrated that the 12/15-lipoxygenase pathway of arachidonic acid was activated by Ang II and played a stimulatory role in Ang II-induced aldosterone synthesis and secretion in rat and human adrenal glomerulosa cells. 28, 29 In the present study, quantitative PCR and Western blotting showed that expression of 12-lipoxygenase in the adrenal gland of Dahl-S rats was highly induced by chronic salt overload. On immunohistochemical analysis the zone glomerulosa of Dahl-S rats with long-term high salt-diet was densely stained, whereas the cells of the zonae fasciculata-reticularis and those of medulla were not stained. In addition, most macrophages in the cortex with chronic high salt loading expressed 12/15-lipoxygenase. Such expression was blocked by olmesartan, indicating that the increased 12/15-lipoxygenase expression in adrenal glomerulosa cells also reflects RAS activation. These findings suggest that upregulation of 12/15-lipoxygenase in adrenal glomerulosa cells may play a stimulatory role in the production of aldosterone on stimulation by the RAS.
There are conflicting data as to whether aldosterone is synthesized within the heart under pathological conditions. 19, 20, [30] [31] [32] For example, using LC/ MS-MS, Ohtani et al 20 demonstrated that cardiac aldosterone could be detected in Dahl-S rats fed a high-salt diet (8% NaCl) from 7 to 21 weeks of age but not in rats fed control chow. They used LV tissue homogenates obtained from 4 or 5 hearts to obtain 1 value for cardiac aldosterone levels but did not show a multiple reaction monitoring (MRM) chromatogram of an aldosterone-specific fragment. Aldosterone molecules in solution exist in equilibrium between the aldehyde and hemiacetal forms. In the present study, we established an etoxypicolinoic acid derivatization process to obtain a stable form of aldosterone and thus enhanced the sensitivity and selectivity of aldosterone detection by LC/MS/MS. The qualitative detection limit of our assay is 0.5 pg/assay (accuracy 91.31.8%), which is 10-fold greater than the method used by Ohtani et al. 20 We demonstrated good chromatographic peaks of characteristic fragments of aldosterone derivatives on MRM chromatograms obtained from either blood or heart homogenates of a single rat. When plasma and myocardial tissue levels of aldosterone were measured simultaneously in individual rats, myocardial tissue levels of aldosterone consistently reflected plasma levels in both strains regardless of salt intake. Moreover, in Dahl-S rats fed a chronic high-salt diet, aldosterone levels in the right ventricle were comparable with those in the pressure-overloaded, hypertrophied left ventricle. The characteristic chromatographic peak of the aldosterone-derivative fragment on the MRM chromatogram disappeared completely in blood samples and heart homogenate after bilateral adrenalectomy. These findings indicate that there is no cell-autonomous aldosterone production in the heart, even under pathological conditions. Ohtani et al 20 demonstrated that aldosterone synthase activity from 11-deoxycorticosterone was undetectable in ventricular tissue of Dahl-S rats chronically fed a high-salt diet. Thus, increases in cardiac aldosterone levels in Dahl-S rats fed a high-salt diet reflect activation of adrenal aldosterone biosynthesis.
In the present study, we demonstrated that the local activation of RAS in the adrenal gland independent of and different from the circulating RAS plays a critical role in the delayed and paradoxical increase in aldosterone biosynthesis in Dahl-S rats fed a chronic high-salt diet. The CYP11B2 expression is induced by Ang II, mediated by increase in intracellular Ca 21 level. In normal subjects faced with chronic high-salt overload, a biological feedback mechanism is activated to lower aldosterone levels via the suppression of the circulating RAS. However, salt-sensitive subjects may produce inappropriately higher levels of aldosterone for a given excess salt load via the intra-adrenal activation of the RAS. Thus far, there are no good biomarkers that can evaluate local RAS activity. Plasma aldosterone concentrations could be used as one such marker because the adrenal gland possesses all RAS components independent of the circulatory RAS. In addition, the intra-adrenal RAS is highly sensitive to a variety of stressors, such as chronic salt overload and metabolic disorders. 33 In the clinical setting, paradoxical increase in aldosterone biosynthesis emerges in hypertensive or heart failure patients treated with AT 1 receptor antagonists or angiotensin-converting enzyme inhibitors. These observations suggest that there could also exist the RAS-independent stimulation of adrenal aldosterone production in some pathological conditions. Future studies are necessary to identify the mechanism(s) behind this aldosterone breakthrough phenomenon.
